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PM FIBER ALIGNMENT 



RELATED APPUCATIONS 

This application claims priority and benefit jfrom Swedish patent application No. 0200569-2, 
filed February 26, 2002, the entire teachings of which are incorporated herein by reference. 
FIELD OF THE INVENTION 

The present invention relates to alignment of the fast and slow optical axes of the ends of 
two polarization maintaining (PM) fibers to be fusion spliced to each other, in particular to 
alignment of elliptical core fibers having a relatively weak ellipticity. 

BACKGROUND 

Before splicing two optical fibers to each other, a proper mutual alignment of the fibers is 
essential, since this will minimize the optical attenuation for light propagating in the fibers and 
through the spUce. In the particular case of aligning two PM fibers to each other, special con- 
sideration of the geometry of the fibers has to be made. Like conventional fibers, commercially 
available PM fibers have a core region and a surrounding cladding, the cladding having generally 
a circular-cylindrical outer surface. However, the distribution of the refiractive index over a 
cross-section perpendicular to the longitudinal axis of PM fibers is not circular-symmetric with 
respect to the fiber axis unlike the conventional case. 

For splicing PM fibers to each other an important issue is therefore to achieve a good angu- 
lar alignment or azunuthal alignment, so that, for two PM fibers, regions of equivalent refiractive 
indices are as close as possible to each other at the two opposite fiber end feces, located closely 
at each other, at which the fibers are to be spUced to each other. Two basic methods are fire- 
quently used for the angular alignment, the so-called active and passive alignment methods. For 
the active alignment method, a highly polarized fight source, a polarization extinction ratio 
(PER) meter and an apparatus provided with optical fiber rotators are needed. The PER is 
defined as the optical power ratio in dB form measured along two main optical axes. The angular 
aUgnment can be achieved by maximizing the value of PER while rotating one fiber end with 
respect to the other at the splicmg point A typical apparatus using the active method for angular 
alignment of PM fibers was disclosed in 1992, see U.S. Patent No. 5,156,663, Oct 20, 1992, for 
Keinichiro Itoh et al. 

The passive alignment method is perfbnned locally at the splice point with the assistance 
of digital imaging techniques in an automated fiision splicer. Several different techniques have 
been developed for passively aligning PM fibers. A metiiod using an interference pattern to 
determine the polarization axes of PM fibers was disclosed in 1994, see U.S. Patent No. 
5,323,225, June 21, 1994, for Richard B. Dyott et al. A method using the photoelastic effect to 
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determine the polarization axes of PM fibers was disclosed in 1995, see U.S. Patent No. 
5,417,733, May 23, 1995, for Laurence N. Wesson. Methods of intensity profile analysis have 
also been proposed, e.g. the fiber side-view method, see H. Taya, K. Ito, T. Yamada and M. 
Yoshinuma, "New splicing method for polarization maintaining single mode fibers," Conf. on 
Optical Fiber Cormnumcation (OFC'89), THJ2, 1989, and H. Taya, K. Ito, T. Yamada and M. 
Yoshinunaa, "Fusion splicer for polarization maintaining single mode fiber", Fujilcura Technical 
Review, pp. 31 - 36, 1990, and the fiber end-view method, see U.S. Patent No, 5,147,434, Sep. 
15, 1992, for K. Itoh, T. Yamada, T. Onodera, M. Yoshinuma and Y. Kato, "Apparatus for 
fusion splicing a pair of polarization maintaining optical fibers", and U.S. Patent No. 5,156,663, 
Oct. 20, 1992, for K. Itoh, T. Yamada, T. Onodera, M. Yoshinuma and Y. Kato, "Apparatus for 
fusion splicing a pair of polarization maintaining optical fibers". More advanced techniques, see 
Wenxin Zheng, "Automated Fusion-Splicing of Polarization Maintaining Fibers", IEEE J. 
Lightwave Tech., Vol. 15, No. 1, 1997, e.g. the combination of the polarization observation by 
lens effect tracing (POL)-profile with the. method of POL-correlation for directly and indirectly 
determining the angular offset of PM fibers, have also been disclosed, see Swedish Patent No. 
9300522-1, March, 1993, inventors Wenxin Zheng et al., U.S. Patent No. 5,572,313, Nov. 5, 
1996, for Wenxin Zheng et al., U.S. Patent No. 5,758,000, May 26, 1998, for Wenxin Zheng et 
al., and the published International Patent application No. WO 01/8633 for Wei-Ping Huang et 
al. These techniques were very successfiilly employed in automated arc fizsion splicers for the 
most common PM fibers then available in the market, e.g. the Panda and the Bowtie fibers. 

Recently,. eUiptical-core fibers have attracted great interest in construction of communica- 
tion systems, e.g. in constructmg erbium-doped PM fiber amplifiers and optical fiber sensors. 
Unfortunately, the existing alignment techniques, see the above-cited patents on POL-profile 
methods, can hardly generate stable and consistent results of angular aligimient for the elliptical- 
core type due tQ primary technical limitations. For example, the methods are not sensitive 
enough to accurately measure the small variations in the intensity profiles when rotating the 
fibers. Thus, there is a need in the art to improve the existing alignment techniques, in particular 
those based on the POL-profile, in order to be capable of handling all types of PM fibers. 

In particular, these problems appear in illuminating each fiber from a side thereof and 
regarding the fiber as a cylindrical lens, observing the light intensity variations in the focal plane 
along a line perpendicular both to the longitudinal axis of the fiber and to the propagation 
direction of the illinninating light source. Typically, the intensity has a central peak that varies in 
height when the fiber is rotated about its longitudinal axis, see the Swedish Patent No. 9300522- 
1 and the published Mternational Patent application No. WO 01/8633 cited above. In this context 
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it is interesting to calculate the Ught contrast, h, which is the diEference in intensity between the 
central pealc and the surrounding region. The profile of tlie light contrast is obtained as the varia- 
tion of the Ught contrast as a function of the angle of rotation, i.e. the azimuthal angle. 

A highest possible contrast of /i-values, i.e. of the difference between the maximum and 
the minimum h values in the profile of the Ught contrast, is essential to ensure a high quaUty of 
the contrast profile. It turns out that, for PM fibers of eUiptical core type the contrast of the h- 
values is usuaUy less than 10 grey scale levels as measured in atypical automated fusion spUcer. 
.Thus in this case, the light contrast profile becomes extremely sensitive to the adjustment of the 
optical image system of the spUcer used. 

SUMMARY 

It is an object of the invention to provide a method and a device for improving the quality 
of the optical measurement of h values for PM fibers and in particular of the contrast in 

measured POL-profiles. 

Thus generally, a careful adjustment of the plane in which the contrast is observed, i.e. of 

the focal plane, is made. 

The adjustment of said plane is done on observing the Ught mtensity variations m the plane 
in order to achieve a sharpest or highest possible contrast. This sharper contrast results in a much 
better estimation of the angular position of the principal optical axes of PM fibers using the POL 
method, this estimation method being suited to aUgn PM fibers of all types, especially PM fibers 
having elliptical cores. 

A solution to the above problem may thus be achieved by observing that the focal distance 
of a PM fiber iUuminated firom the side thereof varies sUghtly according to the asymmetry in 
optical transparency that appears during rotation of the fiber about the longitudinal axis thereof. 
A "best match plane", in which the highest contrast of /i-values can be obtained, should generally 
result when the observation plane matches the focal plane, and in particular for angular positions 
of the considered fiber for which the slow optical axis of the fiber also is approxhnately oriented 
along the propagation direction of the illuminating Ught-rays and the optical axis of the image 
system, this direction and the axis being assumed to be paraUel to each other. It is found that the 
accepted error in determining the position of the best match plane along the Ught-ray direction 
depends strongly on the PM fiber considered. For PM fibers having eUiptical cores, the accept- 
able position error is typically only a few ]xm. 

The method proposed herein improves the processes disclosed in Swedish Patent No. 
9300522-1 and the published hitemational Patent application No. WO 01/8633 cited above, by 
employing a so caUed "auto-defocusing" method to automatically search for the best match 
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plane. The advantage of such a process is that it yields a better precision in aligning PM fibers 
having elliptical cores for optimum positions during e.g. a fusion splicing procedure. 

Additional objects and advantages of the invention will be set forth in the description 
v/hich follows, and in part will be obvious from the description, or may be learned by practice of 
the invention. The objects and advantages of the invention may be realized and obtained by 
means of the methods, processes, instrumentalities and combinations particularly pointed out in. 
the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

While the novel features of the invention are set forth with particularly in the appended 
claims, a complete understanding of the invention, both as to organization and content, and of 
the above and other features thereof may be gamed from and the invention will be better 
appreciated from a consideration of flie following detailed description of non-limiting 
embodiments presented hereinbelow with reference to the accompanying drawings, m which: 

- Figs, la, b are schematic views of an apparatus for aligimient of two PM fibers, 

- Fig. 2 is a schematic diagram showing the significant difference in light contrast h for two 
orientations of a Panda fiber, 

- Fig. 3 is a diagram showing a typical light contrast profile obtained for a Panda fiber, 

- Fig. 4 is a schematic view of major types of PM fibers, in which the principal optical axes for 
the fibers are marked correspondingly, 

- Fig. 5 is a diagram showing a typical light contrast profile obtamed for a PM fiber having an 
elliptical core, 

- Fig. 6 is a schematic view of an optical unaging apparatus for searching the best match plane in 
an auto-defocusing application, 

- Figs. 7a, b are images taken from two defocusing directions, some tens of |im away on either 
side of a reference plane, and 

- Fig. 8 is a program flow chart illustrating the method of alignment in ftision splicing with the 
aid of auto-defocusing. 

DETAILED DESCRIPTION 

The basic components of an automatic optical fiber spHcer adapted for spUcing PM fibers 
are shown in the schematic diagrams of Figs, la and lb. Fig. la is a schematic of the optical 
arrangement near the ends of two PM fibers 1 and 1', which are to be fusion spliced to each 
other using an electrical discharge between points of two electrodes 3. Two li^t sources 11 
Uluminate the spUce position of the fibers from the sides thereof by paraUel Hght rays in two 
perpendicular directions. Since an optical fiber itself works as a cyhndrical lens, a varying hght 
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intensity distribution appears in the focal plane of the fiber, as for instance observed along a line 
located in the focal plane and located perpendictdarly to the longitudinal axis of the optical fiber. 
By using suitable focusing assembUes Hlustrated by optical lenses 7, four light intensity 
distributions, as taken in the object planes of the lens assemblies, one for each fiber end and for 
each direction, are in turn imaged onto the Ught sensitive surfaces of TV cameras 9, comprising 
e.g. plates carrying CCD elements. Each picture captured by the cameras thus comprises images 
of the ends of the two PM fibers at the splicing position. The TV signals coiresponding to each 
, captured picture are then processed in a video interface 31 to convert tiie intensity values of the 
pictures to a suitable format for further processing in an image processing and analysis unit 15 
and subsequent presentation on a video monitor 17. 

In Fig. lb some more details of the mechanical and electrical arrangements of the fiber 
spUcer are shown. The end portions of the PM fibers 1 and 1' are tiius firmly kept in place by ro- 
tating fixtures 22 carried by retainers 21 during the aUgmnent and spUcing operations. By motors 
23, the retainers 21 are displaceable in three orthogonal directions, x, y and z, tiae z-direction e.g. 
being taken to be parallel to tiie longitudinal dnection of the fiber ends, see Fig. la, and tiie 
rotating fixtures are rotatable over an angle of 360°. To tiie electrodes 3 and flie motors 23 
electric lines extend firom driver circuits 27 and 29, respectively, in an electiic circuit module 25. 
The TV camera 9 is electrically connected to a video interface 31 in tiie electric circuit module 
25 that is in turn connected to the image processing and analysis unit 15 for deUvering captiired 
image information. The various steps for tiie processing of input data are controlled by a pro- 
cessor logic circuit 33 in the electric circuit module 25 providing conti-ol signals to the driving 
circuits 27 and 29 in accordance witii output data of the image processing and analysis unit 15. 
That is, as tiie result of a particular analysis of tiie distribution of light intensity in the focal 
planes of the PM fibers 1 and 1', tiie fiber ends are displaced iu relation to each otiier according 
to given processing algorithms. At the same time infonnation is by tiie processor logic circuits 
33 provided to the image processing and analysis unit 15 for controlling tiie. processing and 
analysis performed tiierein. Also, tiie processor logic unit 33 controls tiie times when an electric 
high voltage is to be provided to tiie electrodes 3, thus starting an electric current to flow in tiie 
discharge between tiie points of tiie electrodes, and it also contiols tiie duration of tiiis current 
and tiie intensity of tiie current. The processor logic unit 33 also contirols the illiimination of tiie 
light sources 1 1 . 

From the images captured by tiie TV cameras 9 the light intensity distributions along 
suitably chosen lines peipendicular to tiie longitudinal direction of the ends of the fibers 1, 1' in 
the focal planes of fibers 1 and 1' are determined by tiie image processing and analysis unit 15. 
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From these determined intensity distributions the light contrast h for each line is calculated by 
the image processing and analysis unit 15 as the difference between the maximum intensity in 
the central peak of the respective distribution, this peak corresponding to the longitudinal center 
line of the image of the fiber ends, and the relatively constant light intensity of regions of the 
distribution located next to and on the two sides of the peak. It is observed tbat the /i-value varies 
when rotating the respective fiber end about the longitudinal axis thereof. The variation results 
fi-om the optical asynmietry of PM fibers such as stress zones and/or refiractive index differences 
that have been introduced in the cladding and/or core of such fibers. The lack of optical sym- 
metry results in a significant difference in /z-value fi-om one azimutbal angle or angular position 
to another one. The /z-value can thereby indicate the position of the optical asynunetries of the 
fiber end. The /z-values determined from the corresponding intensity distributions when rotating 
the PM fiber ends, e.g. over a fiiU turn, give a light contrast profile as a function of the angular 
position from which it may be possible to determine the angular, orientation of the optical 
asymmetries and therefrom the polarization axes , of the respective end of a PM fiber. Fig. 2 
illustrates significantly different /i-values obtained for a Panda PM fiber at two unique 
orientations, i.e. along the slow and fast optical polarization axes, respectively. 

Fig. 3 is a diagram showing a light contrast profile measured for a typical Panda PM fiber, 
i.e. the A-values as a fimction of the rotation angle. It is observed that a two-peak structure 
appears periodically in the profile. The periodicity is directly correlated to the symmetry of the 
fiber with respect to the longitudinal axis of the fiber. The main peaks in the profile indicate the 
angular position of the two optical polarization axes, i.e. the fast and the slow axis, of the fiber 
end. The center position of the highest peak in the profile directly indicates the angular position 
of the slow axis of the considered PM fiber. This results from the fact that the light contrast 
gradually increases with decreasing angular offset between the propagation direction of light 
rays and the slow optical axis. This phenomenon is true for PM fibers of most types, e.g. Panda 
and Bowtie fibers and PM fibers having elliptical jackets or elliptical cores. The principal optical 
axes for these PM fibers are shown in the cross-sectional views of Fig. 4. 

The angular orientation of the polarization axes of PM fibers can be determined as the 
positions of the slow optical axes, as given by profile analysis described above, in relation to 
some arbitrary zero value of the azimuthal or rotation angle. The zero value may be selected to 
be e.g. the initial calibration or zero position of the fiber rotary fixtures 22. The angular positions 
of the fast optical axes are then 90° away from the angular positions of the slow optical axes. 

From a close inspection of Fig. 3, a detailed structure is seen in the highest peak. This 
structure can mainly be attributed to the influence of the fiber core , on the light transmission 
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across the stress zones, at a somewhat small range around the angular position of the considered 
fiber end in which the slow optical axis is parallel to the direction of observation. Therefore, it is 
necessary to select a suitable method modelling the light contrast profile and extracting more de- 
tailed infomiation from the profile so that the position of the slow optical axis can be accurately . 
determined. 

In the diagram of Fig. 5 a typical light contrast profile measured for a PM fiber having an 
elliptical core is plotted. Significant differences between this profile and that measured for the 
Panda fiber, see Fig. 3, can be observed. First, for a PM fiber having an elliptical core, only one 
peaJc periodically appears in the profile, this peak indicating the slow optical axis of the fiber. 
Second, the range of the /z-values is one order of magnitude smaller, actually around 10 grey 
scale levels in the case of PM fibers having an elliptical core as measured in a typical automatic 
fiber splicer, compared to that obtained for the Panda fiber which is around 100 grey scale levels. 
This small range results from the fact that the difference in length between the major and minor 
elliptical axes of the core in PM fibers having an elliptical core is very small, only 1 - 2 . jam in a 
typical case. It is obvious from general experience in the field of measurements that a profile 
having a low variation range will often give a low accuracy of the determined angular positions 
of the polarization axes and thereby a low quality of the angular alignment that is based on the 
detemiined angular positions. Therefore, special techniques, like "auto-defocusing" to be de- 
scribed hereinafter, have to be employed to overcome this problem. 

For the angular alignment of two PM fiber ends, general steps can be performed as 
follows: select a well-defined sampUng range of angles, typically 360°, in which the light 
intensity distribution is measured and therefrom calculate light contrast profiles for the two PM 
fiber ends, find the slow optical axes by a careful analysis of obtained profiles, and align the 
slow axes of the two PM fiber ends with each other. For the numerical calculations necessary in 
executing the method, it may be assumed that the total number JV of measured points for 
construction of the light contrast profiles of the two fibers can be represented by two vectors, 
{©A, ©b} respectively: 

©A = {9a 05 Oal, 0a2, ■■■i^aaxis, •■■,QaN-l} 
©B={6b0, 6bl, 6b2, -.-.Qbaxit. -.^QbN-l} 

where Gao and 0b o are the initial azimuthal angles with respect to the zero values. If tiie basicaUy 
arbitrary, initial positions of the fiber rotators 22 are selected as the zero values, Ga o= Gb o = 0°. 
0a, axis and 0b. axis are the azimuthal angles where tiie slow optical axes are located, i.e. at these 
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angles the slow optical axes are parallel with the respective observation direction which is in the 
optical axis of the respective lens assembly 7, Thus, the angular offset A0 between the polariza- 
tion axes of the two fiber ends is given by: 

It should be observed that neither of the true values 6^ axis nor Gb axis normally is an angle at 
which a light intensity distribution is measured but these angular position are usually located 
between two angular positions at which measurements are made, the measurements being made 
for angles having a finite, constant spacing. The accuracy in the determination of the angles Qaaxis 
and 0b axis mainly depends on the short range variation of hght contrast profiles, the selection of 
the model used in the evaluations, as will be described hereinafter, and the quality of the 
mechanical rotators 22 used. Although the accuracy of angular aUgmnent of the polarization axes 
is not directly determined by the number N of measured values, it is preferable to take a relative- 
ly large number of N, typically 90 - 180 points within a range of 0 - 180° or of 0 - 360°, 
depending on the symmetry of the fibers and requirements on the resolution of the profile. 

After the fiision splicing has been carried out, the remaining angular offset AS between the 
two slow axes of the two PM fiber ends can be found by detecting the slow axes using the same 
method as discussed above, rotating the two spUced fiber ends as one unit The offset AS can be 
used to estimate the degradation of polarization extinction ratio, PER, due to the sphcing opera- 
tion. This degradation is denoted by AT and is given by: 

AT = Tbefore - Fafter 

Tafter = 10 log {(1 + p cos2 AS) / (1 - p cos2 AS)} (5) 
p=(10' W l)/(10'^befbre '''' + 1) (6) 

where Tbefore and Tafter are the PERs just before and just after the splicing operation has taken 
place, respectively. The Tbefbre and Tafter are usually obtained from the measured PER of a highly 
polarized hght source, taken at the far ends of the first fiber 1 and the second fiber 1% respective- 
ly. In equations (5) and (6) it is also assumed that a short piece of the second fiber 1\ typically 2 
meters in length, should be used to perform measurements of Tafter so that the degradation of 
PER caused by the splice can be isolated. 

In order to accurately determine the location of the slow optical axis firom the hght contrast 
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profile a curve fitting process, a so-called Chi-Square (x") fitting, can be used. Within the frame 
of this method, it should be possible to model the measured profile by the superposition of 
analytic functions plus a noise background. Thus, the quality of curve fitting can be evaluated by 
a reduced Chi-Square (x") function. The reduced function can be expressed by: 



1 



N 

E 



M 
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where G(^/ ; aij, a2j, a3j, . . . ) is an analytic function with the>th fitting parameters ajj, a2j, aaj, 
... and F{&1) is the average of the z-th measured /i-value at tiie azdmuthal angle St with a mea- 
surement error-bar AFi. Here, the AF, is estimated by the standard deviation: AFj « 

lJ_Y[/r(^^)_ir^(5.)P , where FiSi) is the Z-th individually measured /z-value of the total 

values of M unities, at the angle ,9/ and N is the total number of A-values, or the total number of 
measurement points in azimuth. C is a constant value that represents the noise background of the 
imaging system, fi is the number of fitting parameters varied during the fitting procedure and n is 
the number of independent analytic functions used in the fitting procediire. 

In the profile analysis, it turns out that a single Gaussian ftmction can be a suitable analytic 
function for modelling Ae highest peak where the slow optical axis is located. ThiK, the equation 
(7) can be reduced to: 



2 ^ f FO,)-G(&r,ci,.a2,ch)-C ^ 



2 

(8) 



where G{&i ; oi , 02, ai) is the Gaussian function with fitting parameters ai, a-i and £13- The 
parameter oi stands for the height of the function, and the parameters ato and 03 stand for the 
expected center position of the highest peak in the profile and tiie full width to half maximum 
(FWHM) of the peak, respectively. The best set of fitting pai-ameters {axiest, cizbesh a^.best, C} is 
tibe one that maximizes the probability of tlie Gaussian function representing the measured data 
of the fimction F(&i). Practically, the parameters {fli.te^/, aiMsh a^.besh Q are input to a numerical 
iteration loop in which x^ is calcidated. To succeed in the fitting process the parameters are then 



wo 03/073143 PCT/SE03/00324 

10 

changed in a systematic way in order to achieve a desired result of «1. Thus, the position of 
the slow optical axis will be given by a2^best' The initial values {ai^o, <^2,o, ^3.0, Q for fitting are 
determined by a pre-analysis of the height profiles, and e.g. aij^ = Ma-[F(i9;)], ^2,0 = 
&i{Max[F{&>i\}, a3.o = 2|a2.o - &k {Max[F{Q;)]l2}l C = Mm[F(i9,)] can be chosen. 

According to basic mathematics, the light contrast profile can in principle be represented 
by any set of elementary functions, e.g. polynomial and rational functions, logarithmic, 
exponential, power and hyperbolic functions, trigonometric and inverse trigonometric functions, 
etc. The selection of the analytic fimctions depends mainly on the requirements on the alignment 
accuracy and the time for executing the necessary calculations. These requirements may vary 
depending on the type of PM fiber considered. One typical example is a truncated Fourier series 
that was successfully used for modelling the POL-profiles of Panda and Bowtie types of PM- 
fibers, see Wenxin Zheng:, "Automated Fusion-SpUcing of Polarization Maintaining Fibers", 
IEEE J. Lightwave Tech., Vol. 15, No. 1, 1997. 

As is derived from the discussion above, a largest possible range of variation of the h- 
values is essential to ensure a high quality of light contrast profile and thereby a high accuracy of 
the angular alignment of the polarization axes. Unfortunately, as has been mentioned above, for 
PM fibers having elliptical cores, the variation range of the /2-values is usually less than 1 0 gi'ey 
scale levels as measured in a typical automated fusion splicer. This makes the profile and in 
particular calculations based thereon extremely sensitive to the adjustment of the optical image 
system. In Fig, 6 a typical optical image system used for aligiunent in an automated arc fusion 
splicer is schematically illustrated. In this case, the fiber is illuminated by a light emitting diode 
(LED) 60. A difiuser 70 is installed in front of the LED to improve the illumination. From the 
diffused Ught a sharp light intensity distribution is formed in a focal plane of the fiber end 1, T 
for a given azimuthal angle. However, due to the changing optical transmission transversely 
through the fiber end during azimuthal rotation thereof, the position of the focal plane varies. 
Thus, "an effective focal plane" 80 having a certain width W, indicated by a grey field in Fig. 6, 
is formed. On the other hand, the observation plane 90 of the optical image system, indicated by 
the thick black line in Fig. 6, is usually very sharp, i.e. has a very small depth or thickness, due to 
the high quality of the optical system symbolized by the lens 7. It can be reahzed that the best 
observation plane for the purpose of determining an accurate value of the location of the slow 
and fast axes of a PM fiber should result when the observation plane approximately coincides 
with the focal plane obtaiaed when the slow optical axis of the considered fiber is oriented in the 
propagation direction of the illuminating tight rays and parallel to the optical axis of the imaging 
system 7, see Fig. 6. For this orientation, the slow optical axis can obviously be resolved in a 
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best way and the largest variatioB range of the /7-values can be accordinglj^ obtained. Tlius, for 
such a setting the best quality of the light contrast profile for determining the desii-ed angles is 
obtained. It is found that the accepted mismatch distance in temis of the position of the best 
observation plane depends strongly on the type of PM fiber considered. For PM fibers of the type 
having an elliptical core, the accepted mismatch distance is typically only a few \xm. 

An "auto-defocusing" process will now be described that aims at automatically searching 
for the best observation plane. This process can be divided into five steps: (1) finding an approx- 
imate angular orientation of the slow optical axes for the two fiber ends which are to be fusion 
spliced to each other and aligning these axes with each other based on the findings, (2) finding a 
reference position of the optical system for startiag the process of defocusing, (3) determining 
the direction for defocusing, (4) searching for the best observation plane, and (5) fiiiding an 
improved orientation of the slow optical axis for each of the two fibers. 

The step (1) is straightfonA^ard and makes use of the numerical process discussed above. 
For step (2), a reference position of the optical or imaging system for the defocusing process can 
be taken to be the position or setting of the optical system haviag an observation plane 90 for 
which a sharp image of the fiber claddiag sides is obtained as viewed in the direction of the 
optical axis of the imagiag system 7 since the position of such an observation plane at the sides 
is nearly iadependent of the actual fiber type for fibers having the same claddiag diameter. 
Alternatively, the reference position can be taken to be the position in which the central part of 
the light intensity distribution, corresponding to the center of the image of the fiber end and the 
area next around it, is sharply imaged on the light sensitive area of the camera 9, This position 
also varies only slightly for fibers of different types. In performing step (3), a special procedure 
of image analysis is executed as will be described hereinafter. 

In Figs. 7a and 7b two images are shown which are taken for the observation plane moved 
in the two opposite defocusing dkections, to positions some tens of fjm away from the reference 
position, corresponding to moving the observation plane to the right side as seen in Fig. 7a, i.e. 
closer to the imaging system 7, and to the left side, i.e. farther away from the imaging system as 
seen in Fig. 7b, with respect to the effective focal plane or region 80 indicated in Fig. 6. The light 
intensity distributions, shown by white lines, obtained from the images are seen to be significant- 
ly different for the two defocusing directions. Furthermore, it is observed that a best observation 
plane can only be found when moving the observation plane in the same direction as that used 
for capturing Fig. 7b. 

Therefore, a threshold can be set to easily identify the correct seai*ching dii*ection. After the 
conrect searching direction has been determined, numerical iteration loops with a predefined 
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searching range and with a predetermined length of the iteration steps are set in the procedtiral 
step (4). A typical searching range and a typical step length may be 20 |am and 0.5 ixm, re- 
spectively. The calculations performing in an iteration loop wiU thus be terminated if an accept- 
able degree of deformation of the light contrast profile is found. Whether the degree of deforma- 
tion is acceptable is obtained by a comparison between the absolute deviation A/zj of the /z-values 
and two predefmed threshold values hd and /2c2. The values hd and hd are experimentally deter- 
mined quantities indicating two typical types of deformations, called flatness and sparking 
respectively. The absolute deviation is calculated in the following way: 

A/2, = 'f,K,-h,l z = 1, 2, A^-^-l (10) 
and it should Mfill the conditions 

A/7i> hoi (11) 

A/Zi < /Zc2 (12) 

where hd < ha^ p is number of steps smaller than iV-1 for checking the degree of deformation 
and the preselected value thereof depends on the slope of the light contrast profile for the PM 
fiber of the type considered. Typically, jc» has a value in the range of 3 - 5. The procedural step 
(5) is again straight-forward according to the above discussion of the numerical fitting process. 

It should be pointed out that the "auto-defocusing" process outlined above may not be 
necessary for PM fibers having a large variation range of their /a-values, such as for Panda and 
Bovrtie fibers. This results fi-om the fact that the acceptable mismatch distances for such PM 
fibers are much larger, at least 2-3 times larger than for PM fibers having elliptical cores. 

Based on the concepts above, a simplified program flow chart comprising steps executed in 
the method of principal optical axis alignment that includes an auto-defocusing procedure is 
shown in Fig. 8. Referring to this chart and the block 105 therein, the ordinary fiision process 
starts by cleaning the PM fiber ends and then aligning them linearly, i.e. aligning the outer sides 
of their claddings or aligning them based on the sharp focusing at the center of fiber images, by 
moving the retainers 21 in the respective coordinate directions x, y, and z, see also Figs, la and 
lb. In the next step, block 110, the retained fiber ends are, by operating the rotary fixtures 22, 
simultaneously rotated to move in parallel as a single unit by suitable angular steps, e.g. over a 
fiiU turn. For each angular step images are captured as imaged by the lens assemblies 7 and 
received by the TV cameras 9. Then, from the captured images, in the image processing and 
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analysis xinit 15 the light intensity distributions along suitably selected lines perpendicular to the 
longitudinal axes of the fiber images are determmed and recorded. From the determined intensity 
distributions the contrast profiles, i.e. the /z-values as functions of the rotation angle, are derived 
in the same unit 15 and curve fits are carried out as described above. Finally, firom the fitted 
curves the angular positions of the slow and fast optical axes of the PM fiber ends are deter- 
mined. 

In the next block 115 the variation range of the //-values calculated for each of the two PM 
fiber ends is determiaed as the difference between the maximum and minimum of K (h^zK - 
/zmin). and it is decided whether the determined range (hjn^-hmm) for each of the two PM fibers 
is larger than or equal to some predetermined value, such as 30 in a standard automated splicing 
apparatus. If the range is decided to be larger than the predetermined value the auto-defocusing 
procedure is not necessary, and then in block 120 aUgnment of the polarization axes of the two 
PM fiber ends can be performed, by calculating the angular offset A© or difference in angular 
orientation of the slow optical axes of the PM fiber ends and then rotating the fiber ends with 
respect to each other by an angle corresponding to this difference. The ordinary fusion procedure 
is then carried out in the final block 125. 

If m the block 115 the variation range of the /i-values for either fiber is decided to be 
smaUer than the predetermined value such as 30, a block 130 is executed, in which first the 
polarization axes of the two PM fiber ends are roughly angularly aligned v,dth each other, by 
rotating the fiber ends in relation to each other as described above for block 120. Then, a 
reference position of the focusing setting of the imaging system is determined based on a sharp 
focusing either on the fiber claddmg sides or on the longitudinal central part of images of the 
fiber ends, as discussed above. The directioii in which to start the defocusing procedure is then 
found by moving flie observation plane to a position closer to the unagmg system 7 and to a 
position more distant of the imagmg system, rotating the fiber ends to have their slow optical 
axes located approxunately parallel to the optical axis of the imaging system and capturing 
images for each of the fibers, determining light intensity distiibutions along suitable lines as 
described above and evaluating the determined intensity distributions to find the position in 
which the intensity distribution has the steepest and sharpest edges. This position is taken to 
indicate the direction in which the observation plane should be moved to obtain an hitensity 
distribution having the largest variation range. An iteration loop is then started m tiie next block 
135 by moving the focus, i.e. the observation plane, firom the reference position by one step 
having a predetermined lengfli in the determined direction, hi block 140, the PM fiber ends are 
sunultaneously rotated stepwise, unages are simultaneously taken for each step, light intensity 
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distributions along lines are determined, the contrast profiles are calculated and the angular 
positions of the principal optical axes for each fiber end are determined, in a way similar to that 
described above for block 110. The steps are taken in an angular interval located symmetrically 
about the set angular position in which the slow optical axes are approximately parallel to the 
observation direction/optical axis of the imaging system. Thereafter, in block 145, the absolute 
deviation of the values of the now determined contrast profiles, i.e. the /?-values, is investigated, 
while choosing the number of checking steps p^< N-2 and calculating the absolute variations 
/+p, 

A/?^ = - K I for all integers z = 1, 2, 3, . . ., N-pA, such that the range when calculating the 

absolute variations includes the maximum and the minimum values of the light contrast profiles. 
In block 150 it is decided whether the two conditions are fiilfiUed, AAj > hc\ and A/zj < hc2^ for all 
i:s where ho\ and ha are the flatness and sparking criteria, respectively, as discussed above, and 
ho\ < hc2- In the case where it is decided that the Ahi fulfill the conditions, which means that the 
auto-defocusing procedure has been successful, the process continues to the block 120, in which 
a final alignment of tlie polarization axes of the fibers is performed as described above. 

If it is decided in the block 150 that the calculated absolute deviation Ah does not fulfill 
the conditions, the auto-defocusing procedure continues by performing block 135 again, moving 
the observation plane by the same step in the same, determined direction of defocusing as has 
been described above. 

While specific embodiments of the invention have been illustrated and described herein, it 
is realized that numerous additional advantages, modifications and changes will readily occur to 
those skilled in the art. Therefore, the invention in its broader aspects is not limited to the 
specific details, representative devices and illustrated examples shown and described herein. 
Accordingly, various modifications may be made without departing from the spirit or scope of 
the general inventive concept as defined by the appended claims and their equivalents. It is there- 
fore to be understood that the appended claims are intended to cover all such modifications and 
changes as fall within a true spirit and scope of the invention. 



